Increase in machinery size and its random traffic at fields cause soil compaction resulting in damage of soil structure and degradation of soil functions. Nowadays, rapid methods to detect soil compaction at fields are of high interest, especially proximal sensing methods such as electrical conductivity measurements. The aim of this work was to investigate whether electromagnetic induction (EMI) could be used to determine trafficked areas in silty clay soil. Results of randomized block experiment showed a high significant difference (p <0.01) in EMI data measured between compacted and non-compacted areas. EMI readings from compacted areas were, on average, 11% (shallow range) and 9% (deep range) higher than non-compacted areas, respectively. This difference was determined in both shallow and deep measuring ranges, indicating that the difference in soil compaction was detected in both topsoil and subsoil. Furthermore, the data was found to have a significant spatial variability, suggesting that, in order to detect the increase in EMI (which shows the increase in soil compaction), data within close surrounding area should be included in the analyses. Correlation coefficient of EMI and penetration resistance (average moisture content 32.5% and 30.8% for topsoil and subsoil) was found to be 0.66.
Soil compaction caused by vehicular traffic adversely affects the key soil functions and ecosystem services that soils provide . It has been shown that an increase in stress levels with higher bulk density and mechanical penetration resistance, and a decrease in soil hydraulic conductivity resulted in decreased root elongation rates and consequently prolonged the time required for roots to reach a certain soil depth. Soil compaction caused by machinery traffic needs to be: (a) either removed by costly subsoiling; or (b) avoided by implementation of technologies, such as wide span gantry technologies (Chamen, 2015; Bulgakov et al., 2018) . Recently, controlled traffic farming (CTF) and its modifications show potential benefits worldwide (Godwin et al., 2015; Chamen, 2015; Gutu et al., 2015; Galambošová et al., 2017; Latsch and Anken, 2019; Antille et al., 2019; Masola et al., 2020) . In order to conduct the aforementioned management steps, areas which were exposed to traffic should be spatially targeted. As soil compaction is defined as a change in the soil density, the most exact estimate can be obtained by measuring the soil density (Rataj et al., 2014) . However, for practical reasons, traditional methods that rely on undisturbed soil samples are progressively being replaced by methods of proximal sensing. Proximal sensing comprises rapid methods, which enable measuring soil properties and producing soil maps with high resolution (Gebbers, 2019) . Gebbers (2019) concluded that penetrometers and draft force sensors can be used for this purpose as direct methods. In terms of indirect methods, measuring the electrical conductivity of soil (ECa) has been employed in soil mapping recently. This is measured by two methods, galvanic couple electric resistivity (GCER) and electromagnetic induction (EMI). Heil and Schmidhalter (2017) reviewed the applications of ECa and concluded that not many studies have been conducted on determining the soil compaction using ECa. However, several studies (Krajčo, 2007; Alaoui and Diserens, 2018; Romero-Ruiz et al., 2019) show the potential of soil compaction targeting at field. So far, the most complex study was published by Krajčo (2007) , who compared the Conductometer (GCEM) and the EMI measurement with favourable results for the former. On the basis of presented data, this latter study claims that the EMI was less sensitive in terms of distinguishing the compacted areas above 0.3 m.
Based on this, it is clear that there is still a lack of evidence in terms of direct assessment of this methods for targeting field trafficked/compacted areas. On the contrary, there is a need to examine these problems as current trends in precision agriculture are aimed at using soil proximal sensing, e.g. use of Topsoil Mapper (Geoprospectors GmbH, Austria). Furthermore, there are attempts to use such data for online variable tillage treatment. Therefore, the aim of this work was to examine the ability of soil electrical conductivity to detect soil compaction caused by field traffic using electromagnetic induction measurements. Acta Technologica Agriculturae 1 Nitra, Slovaca Universitas Agriculturae Nitriae, 2020, pp. 1-6
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As soil proximal sensing method, the apparent electrical conductivity (ECa) of the soil was measured by a non-contact method using the electromagnetic induction (EMI) with an EM38-MK2 device (Geonics Limited, Canada). When using EMI, the transmitter coil creates primary magnetic field in the soil, which reacts by establishing a secondary field. The superposition of these two fields results in a bulk magnetic field, which is measured using a receiver coil (Gebbers, 2019) . The EM38-MK2 device was used in a horizontal mode; this means that the depth range of measurement was 0-0.38 m and 0-0.75 m for shallow and deep measurements, respectively.
Experimental site
Experiment was conducted at a research area of the Slovak University of Agriculture in Nitra (48° 18' 07.4" N, 18° 05' 52.8" E). Soil texture analyses showed uniform soil texture across the site with a silty clay soil. The representation of the different fractions is provided in Table 1 . Soil moisture content (MC) was measured in two depths (0.10-0.15 m and 0.25-0.3 m) at each of the locations using disturbed samples (sampled with a soil auger) that were analysed using the gravimetric method (Reynolds, 1970) . Measurement of EMI was conducted (a) before trafficking the experiment (on 29 th April 2019) and then (b) after trafficking to document the differences in compaction levels (on 30 th April 2019).
Experimental layout
The experiment was a randomised block design with three blocks and four plots each block (two trafficked and two non-trafficked), as shown in Fig. 1 Giesbeek, The Netherlands) with ten insertions (n = 10) at each of the 12 plots following the ASABE standard no EP 541 (ASABE, 1999) .
Software and statistical methods
Statistical analyses were undertaken using Statistica (StatSoft Inc., 2013) . These involved descriptive statistics followed by an analysis of variance (ANOVA) and the least significant differences (LSD) to compare the means using probability levels of 95% and 99%. The tests were conducted as one-factor analyses, which included the compaction level (of compacted and non-compacted areas). The same statistical approach was applied to investigate the effect of compaction, as well as spatial position (blocks), using ANOVA with two factors.
Material and methods
Spatial variability was displayed using ArcGIS (ESRI) and the spatial interpolation was performed by means of the Universal Kriging method for EMI values and IDW method for moisture content data. Correlation analysis was conducted as well.
Before the wheel traffic was applied, the moisture content of the soil was 35.04% for the topsoil and 31.6% for the subsoil on average, with its spatial variability shown in Fig.  2 . Further, the EMI was measured and the results of the scans before the trafficking are given in Fig. 3 . These results indicate lower moisture content in subsoil in Block one and two and higher EMI values in deep horizon.
After trafficking was applied, soil strength was measured using a cone penetrometer (ASABE, 1999) . The results shown in Fig. 4 (Left) were analysed using the ANOVA and showed a significant difference in the entire soil profile (p <0.01), with the greatest difference in the topsoil (depth up to 0.1 m). The actual soil MC measured from the soil samples analysed by gravimetric method was on average 30.8% for the topsoil and 32.5% for the subsoil. The experimental site was observed using EM38-MK2 in two directions, as indicated in Fig. 1 (red lines) . The device was handheld at an approximate distance of 100 mm above the ground. The results of a one-way ANOVA, in which all the three blocks were included, showed a highly significant difference in the EMI data at p <0.01; results are given in Table 2 . The compacted areas were found to be characterised with higher mean values of EMI. Furthermore, the values for the shallow horizon were higher than with the results obtained in the deep horizon for both compacted and non-compacted variants.
Results and discussion
Subsequently, the EMI was measured across the plots to simulate the movement of a machine on the field across compacted zones. The results are shown in Fig. 5 and the spatial variability of data is shown in Fig. 6 . The data were interpolated using the Universal Kriging function. As it is clear from Fig. 5 , the general trend is that the values decrease from the east to the west direction. The differences between Block three and the rest of the experimental site in values of EMI were present before and after trafficking. Therefore, blocks were used as an indicator of spatial location. The twofactorial ANOVA was applied to data to observe the effect of both block (spatial location) and field traffic and the results are shown in Fig. 7 .
The EMI results were found to be highly significantly different (p <0.01) for the compacted and non-compacted areas in all the three blocks. This is valid for both the shallow and deep depth ranges -topsoil and subsoil, respectively. These findings bring a novel knowledge, since Krajčo (2007) did not find any significant difference between compacted and non-compacted areas in the topsoil in a randomized block design also using the EM38-MK2 device. For both depth ranges measured (shallow and deep), Block 3 was found to have significantly lower EMI values compared to Blocks 1 and 2, which were not significantly different from each other. This significant spatial variability within such a small distance (42 m), between Block 3 and the rest of the experimental site, can be explained by the variability in MC (Fig. 1 Right) . From a practical point of view, it suggests that the values of EMI need to be compared with data on very close surroundings if the increase should be detected. Furthermore, incorporating spatially dense data on moisture content would be beneficial in terms of data interpretation. This agrees with Heil and Schmidhalter (2017) , who stressed that the interpretation and utility of ECa readings are highly location-and soil-specific; the soil properties contributing to ECa measurements must be clearly understood.
Further, the EMI data were correlated with the measured penetration resistance and a statistically significant correlation coefficient of EMI to penetration resistance was found to be equal to 0.69 at p <0.01 for the shallow measurement depth (depth range up to 0.38 m). Similar findings were published by Al-Gaadi (2012) for sandy soils, where the correlation coefficient was 0.69 at 8% soil MC. Hoefer et al. (2010) found similar relationship of penetrometer resistance and ECa at depth 0.30-0.40 m in loess-derived homogenous soil.
There is a potential that these data could be used to predict soil compaction caused by vehicular traffic. Further increase in precision could come from combination of EMI data with crop yield and other proximal sensing methods.
Conclusion
The results of the pilot study on the silty clay soil showed a potential of the EMI method to detect the trafficked areas of the field. Overall, a highly significant difference (p <0.01) in EMI values between compacted and noncompacted areas with an average increase by 11% for compacted areas of the shallow soil horizon and by 9% for compacted areas of the deep soil horizon was found. A significant spatial variability of the data within the 42 m distance, was found (Blocks 1and 2 significantly differed from Block 3); however, within each block, significant differences in compacted and non-compacted plots were still identified.
On the basis of the results, it can be recommended that EMI method can be used to determine the compacted areas in silty clay soil; however, data related to close surrounding area should be taken into account in the analysis. 
References

